INTRODUCTION
Non-random acquired and somatic chromosomal changes have been demonstrated in association with numerous human diseases. Recurrent constitutional rearrangements such as translocations, inversions and deletions suggest that there may be preferred chromosomal sites for recombination or rearrangement in the human genome (1) (2) (3) (4) (5) (6) (7) . Although chromosome 22 represents only 2% of the haploid human genome (8) , recurrent acquired and somatic rearrangements of this chromosome are associated with multiple malignant diseases and developmental abnormalities (reviewed in ref. 9) . The majority of these recurrent rearrangements take place within 22q11.2, suggesting genomic instability related to the structure of this region of human chromosome 22.
The non-random chromosome 22 abnormalities include acquired tumor-associated rearrangements such as the t(9;22) associated with acute lymphocytic leukemia and chronic myeloid leukemia, the t(8;22) variant translocation associated with Burkitt's lymphoma and the t(11;22) of Ewing's sarcoma and peripheral neuroepithelioma. The recurrent constitutional abnormalities of 22q include the duplications associated with the supernumerary bisatellited marker chromosome of Cat Eye syndrome (CES) (10) , the translocations which give rise to the recurrent t(11;22) malsegregation-derived Supernumerary der(22)t (11;22) syndrome (2, 3, 11) , and the translocations and deletions associated with DiGeorge, velocardiofacial and conotruncal anomaly face syndromes (DGS/VCFS/CAFS) (12) (13) (14) (15) (16) (17) (18) (19) . Recent studies have demonstrated that deletions of chromosome 22q11.2 occur at a high frequency, estimated at ∼1 in 4000 live births (20) . The overwhelming majority of deletions occur sporadically as de novo lesions, indicating a high 'mutation' rate within this genomic region (∼2.5 × 10 -4 ).
Analysis of patients with DGS, VCFS or CAFS has demonstrated that 85-90% are deleted for the same chromosomal region of 22q11 (17, 19, 21, 22) . Of the patients with a deletion the vast majority share a large (>3 Mb) deletion that is flanked by markers D22S427 in 22q11. 21 and D22S801 within q11.23 (23, 24) . A smaller 1.5-2 Mb variant deletion occurs in 10-12% of the 22q11 deletion patients (21, 23, 25) . Further, several reports have described patients with unique deletions that are either nested within the large 3 Mb typically deleted region (TDR) (26) (27) (28) (29) (30) or have no overlap with the TDR (31, 32) . However, these unique deletions are rare.
The identification of chromosome-specific low copy DNA repeat (LCR) elements on chromosome 22 has led to the suggestion that these repeats may be responsible for the instability of 22q11 (33) (34) (35) . Recent evidence indicates that these repeat elements are components of larger (>100 kb), chromosome 22-specific blocks of duplicated sequence (35) (36) (37) . Copies of the chromosome 22-specific LCRs have been reported at or near the end-points of the typical 3 Mb DGS/VCFS/CAFS deletion on 22q11.2 (23, 36) and at the end-points of the CES duplication (24, 38) . This has led to the hypothesis that homologous recombination between copies of the chromosome 22-specific LCRs mediate the deletions and duplications associated with DGS/VCFS/CAFS and CES as well as other rearrangements of chromosome 22 (23, 24, 38) .
In an effort to better characterize the chromosome 22-specific LCRs, we have constructed a cosmid, bacterial artificial chromosome (BAC) and P1-derived artificial chromosome (PAC) contig between markers D22S427 and D22S801. Using these reagents for fluorescence in situ hybridization (FISH) analysis of patient samples, we have identified a 1.5-2 Mb recurrent variant deletion which is distinct from the previously described smaller variant deletion (21, 24, 25, 39) . Analysis of the sequence of the entire 3 Mb TDR reveals four LCRs. In this report, we delineate the complicated structure of the four LCRs and demonstrate their involvement in both of the recurrent and in one unique smaller 22q11.2 deletions. These data now provide the first direct evidence that portions of the LCRs on chromosome 22 are contained within deletion-mediated junction fragments of 22q11 and that portions are lost as a result of the rearrangement. Further, although these duplicated sequences have not been identified in the rodent genome, their evolutionary origin has been further assessed. Here we demonstrate duplication events in non-human primate genomes (chimpanzee, gorilla and rhesus) in regions orthologous to human 22q11, suggesting a primate-specific origin and amplification of the LCRs.
RESULTS

Identification of novel but recurrent deletion end-points within the 3 Mb TDR
Routine diagnosis to determine the presence of a 22q11.2 deletion in patients with features of DGS or VCFS was performed utilizing the N25 probe (ONCOR/VYSIS). Two hundred patients with deletions in the TDR were selected for additional study, of which 199 were deleted for N25. The one remaining patient carried a clinical diagnosis of VCFS but was not deleted for N25. To determine the relative position of deletion end-points these 200 patients were further analyzed by FISH using pairwise probe combinations. The probes used for FISH in this analysis were cosmids which contained the markers D22S427, D22S36 (pH11), HCF2 and D22S801 (LN80), respectively (Figs 1 and 2 ). Dualcolor pairwise analyses were performed with cosmids for two marker pairs: (i) c103a2 (D22S36) with c45c9 (D22S801); and (ii) c106e4 (D22S427) with c2c9 (HCF2) such that each member of a test pair was labeled with a different color. In each experiment, cos82 (D22S39), a control cosmid probe was used to mark the telomeric end of chromosome 22 (22q13.3) and as a hybridization control. All cosmids used as FISH probes to define the deletion boundaries were single copy and did not contain duplicated sequences.
The vast majority of the patients (175 of 200, or 87%) have the common large 3 Mb deletion. The deleted chromosome 22 in these 175 patients is positive for both c106e4 and c45c9 ( Fig. 1a and b) and negative for both c103a2 and c2c9 ( Fig. 1a and b) . Therefore, their deletion interval (Fig. 2 , A-D region) is flanked proximally by D22S427 and distally by D22S801. Twenty (10%) of the N25-deleted patients were found to have signal for c2c9 (HCF2) on both of their chromosomes 22 ( Fig. 1c) indicating that these individuals have smaller deletions with a more centromeric distal deletion end-point.
To further define the distal end-point of their deletion, these 20 patients were further analyzed by FISH with c87f9 (ZNF74). In 16 of these individuals neither chromosome 22 was deleted for c87f9 (Fig. 1d) . FISH of metaphase chromosomes from the 16 patients not deleted for c87f9 was performed with a more centromeric marker, c68a1 (D22S788). This demonstrated that all are deleted at this locus (Fig. 1f) suggesting an A-B deletion interval (Fig. 2) . Therefore, these 16 individuals have a distal deletion breakpoint which maps between D22S788 and ZNF74 similar to patients described previously (21, 25) . Interestingly, the remaining four individuals were found to be deleted for c87f9 on one of their chromosomes 22 (Fig. 1e) . These four individuals appear to have the deletion delineated as A-C (Fig. 2) . These data further suggest that the 1.5-2 Mb variant deletion actually consists of two distinct but recurrent deletions whose distal breakpoints differ from one another. Thus, we have identified a novel recurrent distal deletion end-point which is located between markers ZNF74 and HCF2 within the 3 Mb TDR.
With regard to the five remaining deleted patients, four appear to have the same variant deletion interval. When examined by FISH with the aforementioned probes these four individuals were not deleted for c103a2 (D22S36). These individuals were tested with c87h3 which maps ∼50 kb distal to c103a2 (Fig. 2) . All four individuals are deleted for c87h3 suggesting that their proximal deletion end-point maps distal to D22S36 in the region denoted by the small hatched box (Fig. 2) . Their distal deletion end-point is flanked by D22S801, similar to the distal end-point of the 3 Mb TDR. Thus, this rearrangement appears to be another novel but recurrent deletion whose proximal end-point is located between markers D22S36 and D22S75. The remaining patient is the one with the unique deletion that does not include the N25 probe. This individual (CH98-205) was deleted for D22S941 (c102g9 in Fig.  2 ), a marker that is ∼100 kb distal to N25. Another probe, c19d3 (Fig. 2) , which is ∼50 kb proximal to c102g9 was not deleted suggesting that her proximal deletion end-point maps to an ∼50 kb region between probes c19d3 and c102g9. Similar to the vast majority of deleted patients, her distal deletion end-point is flanked by D22S801. In summary, we have identified three recurrent smaller deletions nested within the typically deleted region as well as one unique deletion.
Construction and sequencing of a contig across the 3 Mb TDR
To further characterize the mechanism of deletion and the etiology of the phenotype, a BAC/PAC/cosmid contig across the 3 Mb TDR was constructed between markers D22S427 and D22S801 (Fig. 2) . The entire contig has been sequenced at the University of Oklahoma (http://www.genome.ou.edu/ ) (40) . This contig includes our previously constructed 1.2 Mb cosmid contig across the DiGeorge chromosomal region (DGCR) between markers D22S36 and D22S788 (M.L. Budarf, I.S. Emanuel and B.A. Roe, unpublished data). The sequence of this 1.2 Mb region has provided a useful resource toward the identification of 20-25 genes within this interval (41) . To expand the 1.2 Mb DGCR contig, chromosome walks were initiated using PCR-derived probes from the clones at each end to screen BAC and PAC libraries. Probes derived from unique sequence-tagged site (STS) markers in the region (42) also were utilized. Clones that were positive for the STS markers then were end-sequenced and this sequence was utilized in designing new PCR-derived probes from each end of the clone. These new end probes were used to rescreen the filters to continue the process of chromosome walking in both directions until all the gaps were closed. We have recently isolated a clone cHK89, which extends into the gap between BAC 444p24 and BAC 562f10 from the end of BAC 444p24. cHK89 appears also to overlap with the end of BAC 562f10 by sequence analysis. This gap has been difficult to fill as the region between clones BAC 444p24 and BAC 562f10 is under-represented in the bacterial and yeast libraries screened previously (39, 43) .
Identification of four chromosome 22-specific LCRs within the 3 Mb TDR
Initial screening with some of our probes yielded a significantly higher than expected representation of clones in the cosmid, BAC and PAC libraries. Further analysis of these clones by Southern hybridization and sequencing confirmed that they contain previously described chromosome 22-specific LCRs (24, (33) (34) (35) (36) 40, 44) . Due to the presence of these sequence duplications within the clones, confirmation of this contig required extensive sequence analysis. Clones were anchored within unique sequence whenever possible. Clones resulting from chromosome walks with end probes, some of which were duplicated, were confirmed to be contiguous by sequence analysis of multiple markers present within putative overlapping clones. Only clones that shared 100% sequence homology at multiple markers were considered to be truly overlapping. By analysis of the sequence of this contig it was determined that there are four regions within the 3 Mb TDR that contain the chromosome 22-specific LCRs. Here we have designated these four copies of the LCRs A, B, C and D (Fig. 2) and they correspond to LCR22-2, -3a, -3b and -4, respectively (40) . Thus, the mapping data ( Fig. 2) taken together with the FISH data derived from the analysis of patient samples suggest that the different deletion end-points localize in the vicinity of the chromosome 22-specific LCRs (Fig. 2) 
Sequence analysis of LCRs reveals a complex organization
Sequence analysis of clones from LCR-A, -B, -C and -D suggests a complex organization of duplicated modules (Fig. 3 ). There are differences in the size, content and organization of duplicated modules within each of the LCRs. LCR-A and -D, which correspond to the end-points of the most frequent 3 Mb deletion, appear to be the largest in size and most similar to one another. Both LCR-A and -D contain previously described markers which include BCRL, HMPLPL (POM121L), GGTL, GGTrelL, V7rel and others (23, 36) . The marker GGTrelL, duplicated within LCR-A and -D only, contains the first ∼500 bp of the GGTrel gene (45). In addition to the above markers, the AT-rich sequence shown to be involved in a balanced t(17;22) translocation causing neurofibromatosis type 1 (NF1-like) (46) is duplicated within LCR-A, -B and -D. Other markers identified within the LCRs include a VNTR-like repeat which is duplicated within LCR-A, -B and -D (H. Kurahashi, T.H. Shaikh and B.S. Emanuel, unpublished data) and an E2F6-like (E2F6L) sequence which is duplicated in LCR-A and -D. E2F6L appears to be a processed pseudogene of E2F-6 which is a member of the E2F family of transcription factors (47) . Also duplicated within LCR-A and -D is a marker related to KIAA0649 (KIAA0649L) which is a predicted gene previously isolated from a human brain cDNA library (48) .
The extent of overlap between the clones which span LCR-A and -D has been determined and their sequence content has been analyzed in detail. Based on this analysis, LCR-A is estimated to be ∼350 kb and LCR-D is estimated to be ∼250 kb. Sequence data suggest that LCR-A contains two copies of the ∼40 kb module containing markers BCRL, HMPLPL and E2F6L (Fig. 3A , blue boxes). LCR-A also contains one copy of an ∼75 kb module containing markers 444p24Sp6, DGCR6 (49) and PRODH (proline dehydrogenase) (50) which is duplicated in LCR-B (Fig.  3A and B, red boxes). This module previously has been referred to as sc11.1 (33, 34, 39) . In addition to these modules, LCR-A also contains three copies of an ∼45 kb module containing markers D22S131, VNTRL, 562f10Sp6 and NF1L (Fig. 3A, green boxes) , one copy of the ∼55 kb module containing markers GGTrelL, GGTL and V7rel and one copy of an ∼15 kb module containing marker KIAA0649L.
Within LCR-D there are only two copies of the ∼45 kb module containing markers D22S131, VNTRL, 562f10Sp6 and NF1L. Further, the ∼75 kb module containing markers 444p24Sp6, DGCR6 and PRODH was not detected in LCR-D. Despite the smaller size of LCR-D, it still contains a large region (250 kb) that is duplicated in LCR-A. Sequence comparison of modules from LCR-A and -D suggests that they share 97-98% nucleotide sequence identity over the entire 250 kb that is duplicated in both regions. A small region (∼13 kb) in LCR-A containing marker DGCR5 (51) , which is present in cosmid 46a9 and fosmid 41c7, was found to be duplicated in LCR-D in PAC 413m7 ( Fig. 3A and D, pink boxes).
LCR-B is estimated to be ∼135 kb. It contains one copy each of the ∼45 kb module containing markers D22S131, VNTRL, 562f10Sp6 and NF1L and the ∼75 kb module containing markers 444p24Sp6, DGCR6 and PRODH (Fig. 3B) . Interestingly, an ∼15 kb module (Fig. 3B , orange box) appears to have inserted between markers VNTRL and D22S131 within the ∼45 kb module. The inserted ∼15 kb module contains a duplicated copy of the ISG43 gene (GenBank accession no. AF176642) which also is located in LCR-A (Fig. 3A, orange box) . ISG43 is an interferon-stimulated ubiquitin-specific protease (52) . LCR-B shares 97-98% nucleotide sequence identity with LCR-A over the entire 135 kb that is present in both.
LCR-C is not as large as the other duplicated regions. This LCR, represented by BAC 32i11 and PAC 408l11 (Fig. 3C) contains a partial copy of the ∼40 kb module containing markers BCRL, HMPLPL and E2F6L found in LCR-A and -D. This partial module is smaller (11-12 kb) and contains only markers BCRL and HMPLPL (Fig. 3C, blue box) . Additionally, PAC 408l11 contains the gene for phosphatidylinositol 4-kinase (PI4K) (53) . This large gene (∼140 kb) extends into BAC 135h6 (Fig. 2) . Interestingly, ∼35 kb of the 3′ end of the PI4K gene also appears to be present in LCR-D in BAC 445f23. The copies of the duplicated modules in LCR-C share 97-98% nucleotide sequence identity with those present in the other LCRs.
Localization of variant deletion end-points within the chromosome 22-specific LCRs
To further examine the role of the chromosome 22-specific LCRs in deletion formation, genomic DNA from A-B, A-C and C-D deletion patients was analyzed by digestion with rare-cutting restriction enzymes and subsequent pulsed-field gel electrophoresis (PFGE). These deletions were studied because each type involves one of the smaller internal LCRs for which detailed restriction map data were readily available. After PFGE, the DNA was transferred to a nylon membrane and hybridized with unique probes immediately flanking the respective LCRs expected to contain the deletion end-points. Genomic DNA from three patients with the A-B deletion was digested with the NotI restriction enzyme and subjected to PFGE. Southern hybridization with a PCR-derived probe from the ZNF74 gene, which is immediately distal to LCR-B, identifies a novel rearrangement fragment in A-B deletion patients (Fig. 4a) . The ZNF74 probe identifies a normal 145 kb fragment in all samples, including normal controls, as well as in the three A-B deletion patients. The size variation in the 145 kb normal fragment in the samples analyzed (Fig. 4a) suggests that there might be polymorphism within this region of 22q11 in the human population. In addition to the normal band, the A-B deletion patients demonstrate a novel 650 kb rearranged junction fragment created as a result of the deletion (Fig. 4a) . 37g5T3, a probe immediately proximal to LCR-A, also detects the similarly sized 650 kb rearranged fragment (data not shown). These results suggest that the proximal deletion end-point of the A-B deletion is distal to 37g5T3 and that the distal end-point is proximal to ZNF74 (Fig. 5b) .
Novel junction fragments from A-C and C-D deletions have also been identified ( Fig. 4b and c) . Genomic DNA from an A-C deletion patient was restriction digested with enzyme SgrAI followed by PFGE. Southern hybridization with a unique probe for HCF2, immediately distal to LCR-C (Fig. 2) , identifies a normal 630 kb fragment in all samples. This fragment is seen in normal controls as well as in the A-C deletion patient (Fig. 4b) . In addition to the normal band there is a novel 850 kb junction fragment in the A-C deletion patient. This suggests that the A-C deletion distal end-point lies within LCR-C. In a similar experiment genomic DNA from the C-D deletion patient (27) was digested with NotI and hybridized to a unique probe from KI384, immediately proximal to LCR-C (Fig. 2) . In addition to a normal fragment of 280 kb, a novel 370 kb junction fragment was detected in the C-D deletion patient (Fig. 4c) . This suggests that the proximal end-point of the C-D deletion resides within LCR-C.
To further sublocalize the deletion end-points of the A-B deletions, the regions of the gel containing the 145 kb normal and the 650 kb rearranged fragment were isolated for additional PCR analysis. Both gel fragments were positive for ZNF74 by PCR (Fig. 5a) , confirming the Southern hybridization data. A copy of the PCR marker 444p24Sp6 is present within BAC 48m11 in LCR-A (Fig. 3A) as well as BAC 444p24 in LCR-B (Fig. 3B) . These two copies of 444p24Sp6 have been designated as 444p24Sp6-A and -B, respectively (Fig. 5b) . They can be differentiated from each other by sequence variation as they share only 98% sequence identity. 444p24Sp6 can be amplified from the 145 kb band but not from the rearranged band (Fig. 5a) . Sequence of the PCR-amplified 444p24Sp6 from the 145 kb normal ZNF74-containing band confirmed that it corresponds to 444p24Sp6-B. Absence of this PCR product from the rearranged band suggests that both copies are absent from the junction fragment. This suggests that the distal A-B deletion end-point is within LCR-B between markers 444p24Sp6-B and ZNF74 (Fig. 5b) . Further, the absence of 444p24Sp6 and the presence of 37g5T3 in the rearranged band (Fig. 5a ) localizes the proximal A-B deletion end-point within LCR-A between 37g5T3 and 444p24Sp6-A (Fig. 5b) . These data localize the A-B deletion endpoints within LCR-A and -B and suggest their partial deletion. Similarly, based on the sequence and Southern hybridization data, the deletion end-points of the A-C and C-D deletion appear to localize within the LCRs flanking the respective deletions (data not shown).
Evidence of duplications in non-human primates
Comparative mapping of the mouse genome in the region of conserved synteny with human 22q11.2 has revealed no evidence for duplicated blocks of sequence similar to the chromosome 22-specific LCRs (54) (55) (56) (57) . To determine whether the duplications on human chromosome 22 are human-specific, FISH analysis was performed using BAC 48m11 on metaphase spreads and interphase nuclei from three non-human primates. BAC 48m11 is from within LCR-A and contains duplicated markers GGTL, E2F6L, HMPLPL, BCRL, D22S131, VNTRL, 562f10sp6, NF1L, 444p24Sp6, DGCR6 and PRODH (Figs 2 and 3) . We tested two great apes, the pygmy chimpanzee (Pan paniscus) and the gorilla (Gorilla gorilla), and one Old World monkey, the rhesus monkey (Macaca mulatta). In humans, metaphase FISH with BAC48m11 results in one distinct signal on chromosome 22 (Fig. 6a) . This is most likely because the LCRs on chromosome 22 are too close to one another to be resolved on metaphase chromosomes. Similar to what is seen in humans, BAC48m11 appeared as a single signal on the chromosomal regions orthologous to human chromosome 22 in metaphase spreads from the three non-human primates tested (Fig. 6b-d) . The chromosome to which the BAC hybridized was determined by the banding pattern of DAPI counterstained images inverted to grayscale (data not shown). Therefore, in both the chimpanzee (Fig. 6b) and gorilla (Fig. 6c) , BAC48m11 signal was detected on chromosome 23, orthologous to human chromosome 22 (58, 59) . In the rhesus monkey, BAC48m11 signal was detected on chromosome 13 (Fig. 6d) , orthologous to human chromosome 22 (60) .
Since BAC48m11 appeared as a single, distinct signal when hybridized to metaphase chromosomes, it could not be determined whether this BAC contained duplicated sequence elements. Therefore, BAC 48m11 was used as a probe for FISH on G 1 -arrested interphase nuclei from the different primate species. Multiple signals were observed on interphase nuclei from humans ( Fig. 6e) demonstrating that the genomic DNA contained within BAC48m11 is in fact duplicated in multiple locations on chromosome 22 . Similarly, multiple signals also were observed using BAC48m11 as probe on interphase nuclei from the chimpanzee, gorilla and rhesus monkey (Fig. 6f-h ). This suggests that the human chromosome 22 duplication events predate the divergence of the great apes from the Old World monkeys, which is estimated to have been at least 20-25 million years ago (61) .
DISCUSSION
Chromosome-specific sequence duplications have now been implicated in a number of disorders that are associated with recurrent chromosomal rearrangements. Non-random chromosomal rearrangements such as deletions, duplications and inversions have been proposed to be the result of recombination between copies of highly homologous chromosome-specific duplicons or low copy repeats. Some of the best studied examples of chromosome-specific duplicon-mediated rearrangements include Charcot-Marie-Tooth disease type 1A (CMT1A) on 17p11.2 (62,63), Prader-Willi/Angelman syndromes on 15q11-q13 (64, 65) , Williams-Beuren syndrome on 7q11.23 (66) and Smith-Magenis syndrome on 17p11.2 (67) . The identification of chromosome 22-specific duplications, which have been referred to as LCRs, in close proximity to the 22q11.2 microdeletion endpoints has led to the proposal that the LCRs somehow act to mediate the deletion event (23, 24, (33) (34) (35) (36) .
We have sequenced an ∼3 Mb BAC/PAC/cosmid contig that represents the region commonly deleted in the 22q11.2 microdeletion associated with DGS and VCFS. Analysis of the resulting sequence data confirms the previous reports of LCRs close to the 22q11.2 deletion end-points (23, 24, 36, 39) . The LCRs share 97-98% nucleotide sequence identity within the duplicated modules which they have in common with one another. The sizes of the LCRs or the overall similarity of modular components shared among them appear to correlate with the frequency of each deletion. Therefore, the 3 Mb deletion (A-D) that is mediated by the largest of the LCRs is the most frequent (87%). These two LCRs share 250 kb of duplicated sequence in a complex arrangement of similar modules. The 1.5 Mb (A-B) deletion which involves a common 135 kb duplicated block is the most frequent of the variant deletions, accounting for 8% of the total 22q11.2 deletions in our cohort. Interestingly, the identification of LCR-C appears to provide an explanation for the 1.5-2 Mb variant deletion being a combination of two distinct deletion populations. Therefore, a 1.5-2 Mb deletion could be either an A-B or an A-C deletion. The A-C and DGCR5-mediated variant deletions, although recurrent, are not as prevalent. Presumably this is because both of these deletions are mediated by very small duplicated blocks (<15 kb) within the LCRs. The unique deletions, including the C-D deletion which has been reported only once (27) , also appear to be mediated by smaller duplicated blocks and are quite rare. Two unique, distal, variant deletions have been reported (31, 32) . It is likely that they also belong to this class of rare deletions mediated by smaller duplicated blocks. Different models have been proposed to explain duplicated sequence-mediated chromosomal rearrangements associated with chromosome 22 (24) . Completed sequence data for the LCRs described in this report should permit the testing of these models. Interestingly, our analysis of sequence data demonstrates that the duplicated modules that are proposed to mediate the different deletions are either in direct or inverted orientation with respect to each other within and between LCRs (Fig. 3) . Therefore, there are two possible models for the formation of the deletions. The first model would involve an interchromosomal misalignment during meiosis I between the two homologs of chromosome 22. This misalignment might be mediated by the modules within separated LCRs that are in direct orientation with respect to each other. Subsequent crossing-over would lead to reciprocal deletion and duplication events. A similar mechanism causes the reciprocal duplication and deletion events that lead to Charcot-Marie-Tooth syndrome type 1A and hereditary neuropathy with liability to pressure palsies, respectively (63) .
The second model to explain the formation of the deletions would involve intrachromosomal recombination between the duplicated modules. In this model the duplicated modules in inverse orientation with respect to one another might form a 'stem-loop' intermediate. Recombination between the duplicated modules forming the 'stem' would then lead to the deletion of intervening DNA present within the 'loop'. This type of rearrangement has been observed in V(D)J recombination required for the formation of immunoglobulin heavy and light chains (68) . Both inter-and intra-chromosomal recombination events for the standard 3 Mb deletion have been reported (24, 69) . It will be of interest to determine the frequency of each type. Further, it will be important to determine the mechanism responsible for the unique deletions (26, (28) (29) (30) (31) (32) , in order to determine whether other structural changes accompany these deletions.
As described in this report, the gel isolation and PCR analysis of rearrangement fragments from multiple variant 22q11.2 deletions have further localized the breakpoints within the LCRs. The sequence of these LCRs should permit identification of the exact sites at which the chromosomal rearrangements occur in these variant 22q11.2 deletion patients. Although it is too early to determine precisely, it is of interest that the three A-B variant deletions examined appear to have similarly sized junction fragments. The isolation and analysis of the junction fragments should permit a closer examination of the issue of breakpoint clustering. It then should be possible to determine whether the breakpoints of the A-D deletion localize to specific sites or whether they are widely dispersed within LCR-A and -D. It is possible that there may be recombination hotspots within the LCRs similar to those seen in CMT1A-associated rearrangements (70) . In support of this possibility, we have identified multiple copies of sequences shown to be involved in rearrangements of chromosome 22 as well as of other chromosomes within the various LCRs on 22q11.2. They include the AT-rich sequence involved in the t(17;22) in a family with neurofibromatosis type 1 (46) and the VNTR-like repeats described here. Recurrent chromosomal rearrangements shown to be mediated by VNTRlike repeats include the 1.9 Mb deletion on Xp22.3 leading to Xlinked ichthyosis due to steroid sulfatase deficiency (71, 72) . It is possible that the presence of these highly unstable sequences may provide hotspots for chromosomal breakage within the LCRs on 22q11.2.
Once the mechanism(s) of deletion and the sequences within the LCRs that are directly involved in the 22q11.2 deletion have been identified, it will be possible to test their involvement in other chromosome 22-associated rearrangements. Chromosome 22-specific duplicated sequences already have been implicated in other recurrent constitutional rearrangements associated with this chromosome. The chromosome 22 breakpoint of the recurrent, constitutional t(11;22) has been localized to LCR-B which also is the distal end-point of the 1.5 Mb A-B variant deletion (39, 43) . In CES a bisatellited chromosome resulting from an inverted duplication of proximal 22q11 is present as a supernumerary chromosome (38, 73) . There are two distinct duplications in CES patients and their breakpoints appear to localize to LCR-A and -D, which are the proximal and distal deletion end-points, respectively, of the 3 Mb common deletion (38) .
Detailed analysis of the LCRs has identified sequences homologous to genes from chromosome 22 as well as other chromosomes. The genes/pseudogenes from chromosome 22 include: BCR-like (BCRL) sequences homologous to the 3′ end of the BCR gene, which is involved in the t(9;22) which leads to the Philadelphia chromosome (74); GGT-like (GGTL) sequences which are homologous to the GGT (γ-glutamyl transpeptidase) gene (75) ; and GGT-rel-like (GGTrelL) which is a truncated piece of the GGT-rel gene (45) . The genes/pseudogenes that map to other chromosomes include HMPLP-like (HMPLPL) sequences which share homology with sequences from human chromosome 5. The HMPLP (human membrane protein-like protein) gene shares homology with a gene for a membrane protein in rats (76) . There are also E2F6-like (E2F6L) sequences homologous to a member of a family of transcription factors (47) and V7rel sequences (36) , both of which also map to chromosome 1. Although many of the gene-related sequences present within the LCRs appear to be either non-functional pseudogenes or truncated pieces of the original genes there is evidence for several functional genes within the LCRs. These include the genes DGCR6 (56), proline dehydrogenase (PRODH) (50) and ISG43 (52) . It remains to be determined whether any of the functional genes within the LCRs are copy number-sensitive which, if deleted, could be implicated in the etiology of the DGS/VCFS phenotype.
Interchromosomal duplications of a gene-rich cluster, including the ALD gene from Xq28 to 2p11, 10p11, 16p11 and 22q11, have been reported previously (77, 78) . It has been determined that the only active ALD gene is located on Xq28 and the duplicated copies of ALD on 2p11, 10p11, 16p11 and 22q11 are nonfunctional (78) . Therefore, the ALD duplicons are considered to be truncated non-processed pseudogenes with little functional significance. This may be the case for the vast majority of the pseudogenes that have been identified within the chromosome 22-specific LCRs. Interestingly, the ALD duplications are targeted to the pericentromeric regions of other chromosomes and have been attributed to a pericentromeric-biased transposition mechanism (77) (78) (79) . It is conceivable that the chromosome 22-specific LCRs may have originated by a similar mechanism involving pericentromeric duplications that expanded in size and were amplified further during primate evolution. In support of this hypothesis, FISH analysis using a duplicated sequence-containing BAC as a probe resulted in a signal near the centromere in nonhuman primates.
Duplications were identified in non-human primates including the chimpanzee (P.paniscus), the gorilla (G.gorilla) and the rhesus monkey (M.mulatta) on orthologs of human chromosome 22.
These duplications contain elements from within the chromosome 22-specific LCRs. Comparative mapping and sequence analysis of the mouse genome in the region of conserved synteny with human 22q11 has not indicated the presence of similar duplicated sequences in the rodent genome (54) (55) (56) (57) . This suggests that the chromosome 22 duplicated sequences may have evolved and amplified after the divergence of primates from rodents but before the divergence of the great apes from the Old World monkeys. Additional molecular analysis of the duplicated regions in nonhuman primates and comparison with the human sequences should allow us to trace the evolutionary origin and mechanisms involved in their mobility and expansion in the primate genome. It will be interesting to determine whether there is a variation in the number and organization of the duplicated regions between humans and non-human primates. If such variation exists it will provide an additional rationale to test for variation within the human population. It is tempting to speculate that there may be variation or polymorphism within the human population with respect to the number and organization of these chromosome 22-specific LCRs. Thus, there may be a critical copy number or organizational configuration of the duplicated sequences that may predispose individuals carrying them to the constitutional rearrangements associated with human chromosome 22.
MATERIALS AND METHODS
FISH analysis
For the human samples, metaphase spreads were prepared either from peripheral blood lymphocytes or lymphoblastoid cell lines using standard methodology. The pygmy chimpanzee (P.paniscus) (AG05253), gorilla (G.gorilla) (AG05251A) and rhesus monkey (M.mulatta) (AG08316) metaphase spreads were prepared from fibroblast cell lines obtained from Coriell Mutant Cell Repositories (Camden, NJ). Interphase nuclei were prepared according to the method described by Trask et al. (80) . FISH was performed as previously described (81) . Chromosomes were visualized by counterstaining with DAPI. Probes used for FISH were labeled by nick translation with either biotin-16 dUTP or digoxygenin-11 dUTP as described by Lichter et al. (82) with minor modifications. The labeled, hybridized probes were then detected by either fluorescein-conjugated avidin or rhodamineconjugated anti-digoxygenin, respectively. The chromosome 22 FISH probes were cosmids isolated from the LL22NC03 cosmid library. BAC 48m11 which was used for FISH was from the CITB-978SK (Caltech A) BAC library (Research Genetics, Huntsville, AL).
Contig construction
Clones used to construct the contig were obtained by screening high density gridded membranes containing either BAC, PAC or cosmid libraries with radiolabeled PCR-derived probes from known markers on chromosome 22. The BAC libraries screened include the RPCI11 segment 2 from Roswell Park Cancer Institute (Buffalo, NY) and the CITB-978SK Caltech A BAC library. The PAC library screened was the RPCI3 from Roswell Park Cancer Institute and the cosmid library used was the LL22NC03 cosmid library. The filters were prehybridized and hybridized as described previously (43) .
DNA sequencing and sequence analysis
End-sequencing of clones and sequencing of PCR products was performed by the Core Facility at the Children's Hospital of Philadelphia on an ABI 377 automated DNA sequencer. Cloned DNAs were isolated using Qiagen (Valencia, CA) kits and were sequenced with primers from within the vector sequence. PCR products were purified with Qiaquick (Qiagen) kits and directly sequenced with the same primers used in the PCR. The entire contig between markers D22S427 and D22S801 has been sequenced at the University of Oklahoma Advanced Center for Genome Technology (http://www.genome.ou.edu ). Sequences of clones within the contig were obtained from the htgs data library of GenBank (http://www.ncbi.nlm.nih.gov ). All sequences were masked for repeated DNA elements using the RepeatMasker web server (http://ftp.genome.washington.edu/cgi-bin/RepeatMasker ; A.F.A. Smit and P. Green, unpublished data). Masked sequences were analyzed further by BLAST searches against the GenBank database (83) to identify regions that were duplicated. Sequences from different copies of the duplicated blocks were aligned and compared to each other using ClustalW (84) .
PFGE analysis and Southern hybridization
Agarose plugs from lymphoblastoid cell lines of patients were prepared in 1% low melting point agarose using standard methodology. Plugs containing DNA were digested with either NotI or SgrAI. The digested plugs were subjected to PFGE on 1% agarose/0.5× TBE gels using a Chef Mapper (Bio-Rad, Hercules, CA). After the completion of PFGE the gels were transferred to nylon membranes and Southern hybridization was performed using standard methodology.
Extraction of DNA from PFGE gel
Preparative PFGE for DNA extraction was performed in low melting point agarose gels. The areas corresponding to both normal and rearranged bands were excised and DNAs were extracted using Gelase (Epicentre Technology, Madison, WI).
Probe generation and PCR
ZNF74, HCF2 and KI384 probes were amplified by PCR of clones containing the respective markers. The primers used for probe synthesis were: ZNF-F, 5′-TGCGCGAAATAGGCGCAAACT-3′, and ZNF-R, 5′-TGAACTGTGGACAGGA CCCTC-3′, for ZNF74; HCF2-F, 5′-TAGCACCATTCTTGATGTCC-3′, and HCF2-R, 5′-CTCTAGTATGGGAGACATGG-3′, for HCF2; KI384-F, 5′-AGTTTGGAATTTGCACGTCC-3′, and KI-384-R, 5′-CCAGTTCCACCCTCTGTTGT-3′, for KI384. For Southern hybridization, the aforementioned PCR products were radiolabeled with 32 P by the random priming labeling technique. The primers used to amplify the 444p24SP6 end were: 444p24SP6-F, 5′-GAAGCTGGTTCAGGTCAGAC-3′, and 444p24SP6-R, 5′-CTGGGCTTGGTCACTGTCAC-3′; while those for the 37g5T3 end were: 37g5T3-F, 5′-CCGATCTGGAATTGAAACTC-3′, and 37g5T3-R, 5′-GCCTTTGTGCA TTGGTATGT-3′. PCR conditions for all markers were as follows. PCR was performed in a 25 µl reaction volume containing 1× PCR buffer containing 1.5 mM MgCl 2 (Boehringer Mannheim, Indianapolis, IN), 1 µM of each primer, 200 µM of dNTPs and 3 U of Taq polymerase (Boehringer Mannheim). PCR was performed with 5 min denaturation at 95°C followed by 35 cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s and extension at 72°C for 1 min.
